Introduction
Aspergillosis is a group of diseases due to opportunistic infection caused by Aspergillus spp. Among them, invasive aspergillosis (IA) is a serious nosocomial infection with generally high mortality rates, which varies depending on the underlying disease and the organs affected. Aspergillus fumigatus is the primary etiological agent of IA, followed culture and microscopic analysis but also to indirect tests, such as the detection of antigens, e.g., galactomannan and 1,3 beta-glucan, which improve both the diagnosis and the monitoring of infections [6, 7] . Nevertheless, the galactomannan test has some shortcomings, such as an inability to permit species identifi cation, producing false positive results [6] , and a lower sensitivity in the presence of the use of antifungals [8] . Furthermore, the sensitivity of the galactomannan test is signifi cantly higher for patients with IA due to non-A. fumigatus Aspergillus species than for patients with IA caused by A. fumigatus [9] .
PCR-based test results are not yet accepted as a mycological evidence of infection by EORTC/MSG. Nevertheless, quantitative real-time PCR (qPCR) is a highly sensitive and rapid technique that can be used to detect fungi in various different types of human samples and to help clinicians to obtain early diagnoses. Proper design of a qPCR procedure requires not only the selection of suitable targets, design of specifi c primers and probes, and detection of inhibitions, but also standardization of the method. Indeed, relatively recently, a Working Group of the International Society for Human and Animal Mycology (ISHAM), called the European Aspergillus PCR Initiative (EAPCRI), made recommendations concerning the standardization of the Aspergillus PCR methodology for clinical application [10] , but these have not so far been achieved.
A. fumigatus seems to possess an exclusive combination of different virulence-related factors, making it the leading mold pathogen in the world [2, 11] . Analysis of these virulence factors could give the scientifi c community new clues to the understanding its pathogenicity and improve the selection of targets for clinical diagnosis. Previous studies in our research group with 29 selected virulencerelated genes showed that 13 of them, abr1 , alb1 , arp1 , aspHS , catA , dppIV , mep20 , mitF , pabaA , pep , pyrG , rhbA and rodB , could be successfully used for specifi c identification of A. fumigatus by conventional PCR [12] . In this context, the aims of this study were to select targets from these virulence factors that would distinguish this species from others, and to develop a qPCR technique based on them, which could be useful for the rapid and specifi c diagnosis of infections.
Materials and methods

Fungal, bacterial and human sample collection
In this study, 37 isolates of 24 species of Aspergillus , 10 zygomycete species, two of other fi lamentous fungi, fi ve yeast species, and four species of bacteria were used (Table 1 ). In addition, four samples of human DNA were extracted from cells obtained from the oral cavity of healthy volunteers by rinsing with saline (NaCl 0.9%). enzyme immunoassay test kit (Bio-Rad, Hercules, CA, USA). Samples with optical density index Ͼ 1 were considered positives. In samples in which the galactomannan analysis was performed, the total volumes available for qPCR were 300 -750 μ l. All patients signed informed consent forms when they were admitted to hospital for diagnostic testing of their samples, and the research was approved by our institutions.
Animal infection
Ten female BALB/c mice of 16 -20 g were used for infection models. All animals were maintained in the Animal Unit of the General Research Services (SGIker) of the University of the Basque Country (UPV/EHU), with water and food ad libitum . To prevent infections, animals were handled in biological safety cabinets, and were kept in sterilized cages with negative-pressure ventilation and fi lters. Mice were then immunosuppressed by intraperitoneal injections using two doses of cyclophosphamide (Sigma) of 150 mg/kg and 100 mg/kg on days Ϫ 4 and Ϫ 1, respectively, prior to infection [13] . Eight animals were intravenously infected with 10 5 conidia of A. fumigatus Af293 in 200 μ l of saline with 0.02% Tween 20 on day 0, while two animals injected with 200 μ l of saline were used as controls. During the fi rst four days after infection, two infected animals were sacrifi ced per day, and the controls were sacrifi ced in the fi fth days of assays. The liver, kidneys, spleen and brain were extracted, and each organ was divided into two pieces with one inoculated onto Sabouraud glucose agar with chloramphenicol (Cultimed) for counting colony-forming units (CFUs) and the other was frozen at Ϫ 80 ° C until DNA extraction. Animal experimental procedures were approved by the Ethics Committee for Animal Welfare (CEBA) of the UPV/EHU.
DNA extraction
Samples of 50 -100 mg (wet weight) of fungal mycelium, yeasts or cells were used for DNA extraction. Frozen pieces of animal tissues, of 50 -100 mg (wet weight), were thawed, placed in sterile bags (Deltalab, Barcelona, Spain) with 2 ml of sterile distilled water, and homogenized by hand (using a rod as a rolling pin). Disintegrated material was recovered, transferred to a microtube and centrifuged at 13,100 g for 3 min. The supernatant was discarded and the pellet was used for DNA extraction. The volumes shown in Table 2 from each BAL sample, and 1 ml of each human oral rinse solution were processed by centrifuging them at 12,000 g for 10 min, discarding the supernatants and the pellets used for DNA extraction. Fungi were grown in Sabouraud glucose broth (Cultimed, Castellar de Vall è s, Spain) and bacteria in Luria-Bertani broth (Merck, Darmstadt, Germany) or marine broth (Cultimed). All cultures were incubated at 28 ° C with shaking at 150 rpm for 48 h. Cultures were centrifuged, and pellets were washed three times with sterile saline. The fi nal pellet was weighed, aliquoted and stored at Ϫ 80 ° C until DNA extraction.
Conidia of A. fumigatus Af293 were obtained by growing the fungus on potato dextrose agar (Cultimed) at 28 ° C for 6 days and recovered with saline with 0.02% Tween 20 (Sigma, Madrid, Spain), counted using a haemocytometer and adjusted to the desired concentration.
Bronchoalveolar lavage samples
Sixteen bronchoalveolar lavage (BAL) samples (Table 2) were obtained from patients at Hospital Universitario y Polit é cnico La Fe (Valencia, Spain). The BAL was performed with 150 ml of saline solution, and within 1 hour the sample was received at the microbiology lab, where 10 ml of BAL fl uid was centrifuged at 3,500 rpm for 20 min and 2 ml of sediment was immediately packaged and frozen at Ϫ 80 ° C for molecular studies. Detection and identifi cation of fungi in BAL samples were performed by culture on Sabouraud agar plates (Cultimed), and macroscopic and microscopic examination. Galactomannan levels in some samples were measured by using a Platelia Aspergillus 500 μ l of lysis buffer [14] containing 40 μ g/ml of RNAse A (Fermentas, St. Leon-Rot, Germany) was added and the mixture incubated at room temperature for 10 min. For DNA purifi cation, 150 μ l of potassium acetate were added and samples were centrifuged for 5 min at 8,000 g. The supernatant was recovered, transferred into a clean tube and centrifuged as before. The DNA was precipitated with 600 μ l of ice-cold isopropanol and 300 μ l of ice-cold ethanol in consecutive steps, followed by centrifugation at 14,000 g for 15 min and fi nally reconstituted in 50 μ l of PCR-grade water (Bioline, London, UK). DNA concentration and quality was measured with a NanoPhotometer (IMPLEN, Schatzbogen, Germany) and the extracted DNA was stored at Ϫ 80 ° C.
Different controls were used to check the extraction method and PCR assay performance. Positive controls were established with different weights of A. fumigatus mycelium, from 14.6 Ϫ 0.2 mg, added to 100 μ l of a negative BAL sample. Moreover, it was also included a negative extraction control for each set of 5 BAL samples processed, consistent in a DNA extraction of a known negative BAL sample.
Primers and probes design
Several primers and probes were used for specifi c detection of A. fumigatus and internal amplifi cation control (Table 3) . Primers, F-Asphs and R-Asphs, for the amplifi cation of a specifi c 180-bp fragment of the aspHS gene were designed with the Primer3 program (v. 0.4.0) (http://frodo.wi.mit.edu/) and used in conventional PCR and qPCR assays. In addition, a specifi c Taqman probe, Prob-Asphs, was designed with the Beacon Designer software (Premier Biosoft International, Palo Alto, CA, USA), to detect the target amplicon by qPCR. This Taqman probe was labeled at the 5 ′ end with the reporter dye 6-carboxyfl uorescein (FAM) and at the 3 ′ end with the quencher 6-carboxytetramethylrhodamine (TAMRA). These primers and the Taqman probe were supplied by Applied Biosystems (Warrington, UK).
The internal amplifi cation control (IC) was designed according to the strategy described by Hoorfar et al . [15] to detect false negative results in qPCR. Briefl y, we used two chimeric primers, F-IC and R-IC (Table 3) , including in the 5 ′ ends the same sequences as for the primers F-Asphs and R-Asphs, respectively, and in the 3 ′ ends sequences of lambda phage DNA. These primers were provided by Applied Biosystems and employed for the conventional PCR described in the next section using EcoR I and Hind III digested phage Lambda DNA (Sigma) as the target DNA. A 379-bp amplicon was purifi ed and sequenced by the SGIker of UPV/EHU. The DNA concentration of this purifi ed IC was determined with a NanoPhotometer (IMPLEN), aliquoted and stored at Ϫ 20 ° C until used. In addition, another Taqman probe to specifi cally detect this IC was designed as above. This lambda probe, called Prob-IC, was labeled with the fl uorescent reporter dye 20-chloro-70-phenyl-1,4-dichloro-6-carboxyfl uorescein (VIC) attached to the 5 ′ end, and the TAMRA quencher attached to the 3 ′ end, and this was also supplied by Applied Biosystems.
Conventional PCR and qPCR
All PCR protocols and methods used in this study followed the recommendations made by Dennis Lo and Allen Chan [16] . Briefl y, DNA extraction, PCR reaction mixes, amplification and PCR product analysis were performed in different rooms, and specifi c plastic disposable material, fi ltered tips and automatic pipettes were used for each step to avoid contaminations. In addition PCR reaction mixes were performed in a laminar fl ow cabinet and all surfaces were always cleaned with DNA-tor (Biotools, Madrid, Spain) before and after work. Conventional PCR was performed in an MJ Mini Personal Thermal Cycler (Bio-Rad) in a 25 μ l volume containing 3.2 μ M of each primer, 0.2 mM of total dNTP, 2.5 mM of magnesium chloride, 0.03 U of Taq DNA polymerase (Bioline) and 1 μ l of DNA template (10 ng/ μ l). The amplifi cation conditions used were: an initial denaturation at 95 ° C for 10 min followed by 32 cycles of 95 ° C for 1 min, 60 ° C for 1 min, and 72 ° C for 1 min, and a fi nal step at 72 ° C for 10 min. Amplicons were analyzed by 2.5% agarose gel electrophoresis with Gel Red Nucleid Acid Stain (Biotium, Hayward, CA, USA) and visualized using a U:Genius Gel Imaging System (Syngene, Cambridge, UK). Each set of samples included a positive control with DNA of A. fumigatus Af293, and a no-template control (NTC) All qPCR assays were carried out in triplicate in a CFX96 thermal cycler (Bio-Rad). Amplifi cation mixtures were performed in a 20 μ l fi nal volume containing 10 μ l of SsoFast Probes Supermix (Bio-Rad), 1 μ M of each primer, 0.25 μ M of FAM-labeled probe, 0.125 μ M of VIC-labeled probe, 0.4% BSA (Sigma) and 5 fg of IC. We used 2 ng of DNA template for microorganism samples and 1 μ l and 5 μ l for DNA extracted from animal tissues and BAL solutions, respectively. Each set of samples assayed by qPCR included positive controls with DNA of A. fumigatus Af293, no-template controls (NTC) without DNA, and negative controls with the IC DNA as the only template, all of them in triplicate and dispersed randomly across each plate.
Data analysis
All PCR assays were performed in triplicate. The results of each assay were considered positive when the PCR reaction was visible on agarose gel for conventional PCR or produced an increase in fl uorescence in three out of three samples (3/3 of replicates) over the given threshold after less than 40 cycles for qPCR. Results were regarded as negative when no amplifi cations or Ct Ն 40 cycles were detected, in 3/3 of replicates. Moreover, to confi rm the results, independent assays were performed for samples, including replicates of DNA extraction and qPCR. The qPCR inhibition is defi ned as no detection of DNA amplifi cation in the presence of a DNA target. In our study, this inhibition was detected in all samples analyzed including an IC DNA. Therefore, no detection of amplifi cation implies qPCR inhibition. In BAL samples, the qPCRs of each extraction was repeated three independent times, but when the results obtained were different from those observed by culture or qPCR inhibition was detected, DNA extraction was repeated depending on the available volume. The sensitivity was determined in terms of the minimum amount of DNA visible on agarose gel for conventional PCR and that which produced an increase in fl uorescence over the given threshold after less than 40 cycles for qPCR in three out of three samples. The analytical sensitivity of PCR techniques was assessed using A. fumigatus Af293 DNA concentrations from 50 ng to 1 pg in conventional 
Results
Target selection
The virulence-related genes of A. fumigatus , i.e., abr1 , alb1 , arp1 , aspHS , catA , dppIV , mep20 , mitF , pabaA , pep , pyrG , rhbA and rodB were selected on the basis of a literature search [2, 11, 12] . We looked for the selected sequences in the Entrez nucleotide Database of the U.S. National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/nuccore), and each sequence was compared with all known gene sequences from other organisms using the Basic Local Alignment Search Tool (BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to detect A. fumigatus -specifi c regions. The best results were found for the aspHS gene (GenBank D16501) which did not show homologies with any species when its sequence was analyzed using BLAST.
Conventional PCR and qPCR
The design and optimization of the conventional PCR using the A. fumigatus Af293 strain and aspHS gene allowed us to obtain a single 180-bp PCR product that was sequenced (SGIker, UPV/EHU) and verifi ed using the BLAST program.
Reproducibility of the amplifi cation technique was found to be 100%, as identical results were obtained using 10 independent samples of DNA extracted from A. fumigatus Af293, as well as from the other A. fumigatus strains. These amplifi cations were also specifi c in that the same single amplifi ed product was found. The sensitivity of the PCR was tested with dilutions of A. fumigatus genomic DNA showing a detection limit of 10 pg. Furthermore, different weights of A. fumigatus mycelium, from 14.6 -0.2 mg, were added to 100 μ l of a negative BAL sample to check the performance of the PCR assay. After DNA extraction of these experimentally-contaminated BAL samples, 1 μ l was assayed by conventional PCR showing only the target PCR 180-bp product band in all cases. In addition, to assess PCR specifi city, 10 ng of DNA extracted from all the strains in the collection were also tested. Amplicons of the target size were only detected in A. fumigatus strains, although other amplifi cation products were detected with some species (Fig. 1) . Overall, the conventional PCR design was successfully converted to a qPCR technique to improve the specifi city and avoid false negatives due to the several nonspecifi c amplifi cation products from other species. This conversion sped up detection of the fungus but required the design of an internal amplifi cation control and specifi c Taqman probes for the different targets, the aspHS gene and IC (Table 3) . Three independent standard curves were calculated to determine the effi ciency and detection limit of A. fumigatus DNA by this qPCR method. The 20 fg DNA concentration was not amplifi ed in any assay by qPCR. Each regression line was obtained using 5 data points from triplicate tests, covering a range from 2 ng to 200 fg of A. fumigatus Af293 genomic DNA. The combined results of the three independent curves showed an average effi ciency of 94 Ϯ 1% and a detection limit of 200 fg. The results of a representative standard curve are shown in Fig. 2A and 2B . The detection limit of the IC was 0.1 fg, but a DNA fi nal concentration of 5 fg was chosen for all assays to ensure it was recognized at around 34 cycles when there was no detection of A. fumigatus in samples as it was seen in negative controls. A cut-off of 40 cycles was established for A. fumigatus-specifi c detection. Only A. fumigatus strains, but none of the other the microorganism in the test population, were detected by this method, not even those that are phylogenetically close species of the Aspergillus section Fumigati , such as Neosartorya fi scheri . Only one strain of N. udagawae showed fl uorescence signal in Ct of 40.2 Ϯ 1.27, around the cut-off, and more than 12 cycles later than the A. fumigatus strains with the same amount of DNA. Table 1 shows the results obtained by the qPCR method with DNA extracted from a broad collection of microorganisms. The repeatability obtained with each sample by using the qPCR is shown in Tables 1 and 2. All NTC (without DNA) used in this study were negative for both probes included in qPCR. The negative controls (with only IC DNA) were only positive with the VIC labeled probe specifi c of the IC developed.
The conidia detection level of this qPCR was also assessed with decimal dilutions of A. fumigatus conidia from 10 9 to 10 conidia/sample. This assay demonstrated that the DNA extraction method cannot obtain amounts of DNA detectable by qPCR from less than 10 6 conidia and not all the replicates of samples with 10 6 conidia showed DNA amplifi cation (Fig. 2C) .
Animal infection
We observed an increase in the number of CFUs in kidneys of infected mice over time (Fig. 3) . The fungal burden in the liver was always low and decreased over time. However, the highest fungal burden was detected in the spleen during the fi rst two days after infection which then sharply decreased (Fig. 3) . When conventional PCR was performed on the DNA extracted from kidneys of mice infected with A. fumigatus Af293, the fungus was detected. However, with the qPCR assay we observed only the target amplification product for all four days that we conducted the assays, although the Ct values for the fi rst day samples were over the cut-off. In addition, we found with control mice with no infected tissues only the amplifi cation products of the internal control. The qPCR method also detected infection in the liver until the third day after infection. On the other hand, it did not indicate infection in the spleen of infected mice, except for a single sample (from the third day after infection) which showed amplifi cation over the cut-off value (Fig. 3) . Moreover, the presence of hypha was not detected by epifl uorescence microscopy of the homogenized tissue or histological preparations of this infected organ (data not shown). 
BAL samples
Results obtained with BAL samples are summarized in Table 2 . A. fumigatus DNA was detected by qPCR in six samples with Ct values ranging from 25 -37.3. We also observed amplifi cation in samples from A. fumigatus negative cultures and no amplifi cation in samples which yielded positive cultures. However, reaction inhibition was observed in almost half the samples (43.75%), as evidenced by no detection of the internal control DNA. In fact, inhibition was inconsistent, varying results being observed with different DNA extractions from the same samples.
Discussion
The high mortality associated with IA is due in large part to the diffi culty in making an early diagnosis [4] . Even rapid methods, such as those based on galactomannan detection, are not completely reliable for identifying IA. Specifi cally, the galactomannan test cannot identify the species causing the infection, shows variable sensitivity, more frequently detects non-A. fumigatus Aspergillus species, if of less value when antifungal treatment has been used, and can lead to false positives [6, 9, 18] . These limitations of available tests hamper the diagnosis of IA, and result in many cases that are only discovered after the death of the patient [19] . A. fumigatus is still the primary etiological agent of IA, so early detection of this species is of vital importance for at risk patients.
Despite the efforts of the scientifi c community, such as the EAPCRI Working Group on standardization of protocols for PCR assays, standardized PCR procedures have not yet been defi ned. This makes it diffi cult to reach a consensus on the diagnostic validity of this technique and, accordingly, it is not currently considered mycological evidence by EORTC/MSG in their defi nitions of proven, probable or possible IA [5] . However, RT-PCR is a robust technique that can provide, as other authors have previously demonstrated, rapid results, with high sensitivity and specifi city, for the diagnosis of IA [20 -22] . In addition, the current efforts to standardize this technique seem to predict a promising future for PCR in the identifi cation and monitoring of aspergillosis.
In the present work, we have developed a qPCR method for the specifi c detection of A. fumigatus using as a target the aspHS gene which was found to be effective in this study. This gene encodes for a haemolysin, with activity against rabbit and sheep erythrocytes [23] and cytotoxic effects on macrophages and endothelial cells in vitro [24, 25] . The aspHS gene is more highly expressed in vivo than in vitro [26] and it has also recently been reported as a major in vitro -secreted protein [27] . The majority of the most recent studies on the clinical application of qPCR for IA detection use multicopy gene targets, such as18S rDNA or 28S rDNA sequences, and achieved detection limits up to 1 fg [28] . However, the rDNA sequences are highly conserved in nature so they are suitable for panfungal or Aspergillus genus detection, but they cannot identify particular species or distinguish one species from another. The target used in this study belongs to a single-copy gene and showed a lower sensitivity (200 fg) than these multicopy gene sequences. However, this detection limit is suffi cient to detect infections due to A. fumigatus in human BAL samples [28] and organs of infected mice. This target was selected from among genes that have been related to A. fumigatus virulence and hence was potentially more specifi c for the qPCR detection of aspergillosis caused by this species. The present work provides evidence to support this supposition.
In view of the results obtained, qPCR with the selected cut-off point of 40 cycles could specifi cally identify A. fumigatus , the main species causing IA. That is, it can distinguish A. fumigatus from the other species commonly [29 -32] . Consequently, it is essential to distinguish them from A. fumigatus to establish suitable treatment. Specifi cally, the power to discriminate between A. fumigatus and N. udagawae is of great interest, since in one study it was found that 11% of cases of aspergillosis attributed to A. fumigatus were in fact caused by N. udagawae [32] .
Analysis of the fungal burden in tissues has revealed the development of the infection in kidneys, as was expected [33, 34] with an increased number of CFUs and a decreased Ct over time. On the other hand, no infection was observed in the spleen. Although it provided the highest CFU values during the fi rst two days after infection, A. fumigatus DNA was not detected by qPCR, or by histological or microscopic analysis of tissues or homogenized samples of spleen. Our DNA extraction method does not obtain detectable amounts of DNA using less than 10 6 conidia and, as a result, our fi ndings with respect to the spleen could imply that conidia did not germinate in this organ and that they were probably eliminated by splenic macrophages, as has been suggested previously [34] .
On the basis of these fi ndings, we can assert that the combination of the qPCR assay we developed and the selected DNA extraction method has the advantage of detecting hyphae and germinated conidia (indicating possible true infections) and not just the presence of conidia. It currently seems fashionable to use glass beads for DNA extraction from fungi, or clinical samples in order to detect fungal DNA. It has been demonstrated in several studies that this is a good method for conidia disruption, even recommended by the EAPCRI for the testing of serum samples for Aspergillus with PCR protocols [10] . However, this approach means that the method cannot distinguish between the presence of conidia and infection in non-sterile samples.
A review of the diagnosis of IA using PCR from BAL clinical samples found overall sensitivity and specifi city values of 79% and 94%, respectively, supporting the clinical value of PCR with BAL specimens for patients at-risk of developing this disease [35] . It is known that cultures inoculated with these types of samples does not provide an acceptable method for detecting IA due to its low sensitivity [36] and a negative result cannot rule out IA. This lower sensitivity of the culture method could explain the three positive BAL samples detected by qPCR which were negative by culture for A. fumigatus . On the other hand, a positive result in culture could be due to environmental contamination, as A. fumigatus conidia are commonly present in the air [34] . This hypothesis could then explain the negative result obtained with qPCR with one sample that was positive for A. fumigatus in culture, but we do not have data to confi rm this theory . Given the conidia detection limits, the proposed method avoids false positives due to environmental sample contamination.
The inhibition of PCR occurs due to the presence in the sample of some factor that inhibits polymerase and/or interferes with nucleic acids amplifi cation. This inhibition was a signifi cant problem when these methods were applied to clinical samples and resulted in false negatives. The inclusion of an IC for all samples allows for the detection of false negatives due to these inhibiting inclusions, as we demonstrate when qPCR was applied to BAL samples. However, the addition of BSA to avoid these inhibitors, as recommended in the literature for samples contaminated with blood [37], did not seem to improve the results. In our experience, the dilution of the sample seems to work best but this could affect the detection of fungi, decreasing the sensitivity of the technique. Future work should include a thorough study to identify the best way to avoid PCR inhibition when applied to clinical samples.
In conclusion, the qPCR assay developed in this study has been shown to be an acceptable technique for the specifi c detection of A. fumigatus , avoiding both false negative and false positive results. Moreover, it seems to detect hyphae and germinated conidia, but not nongerminated conidia in tissues of infected mice because the DNA extraction method does not detect less than 10 6 conidia. This in turn allows for the discrimination of possible infections from simple presence of conidia. Finally, it might be possible to use this method for IA detection from human BAL samples, although further studies should be performed.
